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Cardiac-Specific Helical Structure in Troponin I Imparts Unique,
Cardiac-Specific Contractile Function
Steven J. Ford, Ranganath Mamidi, Murali Chandra.
A coiled-coil between helical motifs of cardiac troponin I (cTnI) and cardiac
troponin T (termed cH2(I) and cH2(T), respectively) forms a centrally posi-
tioned interface within the core domain of cardiac troponin. The centralized
position and cardiac-specific structure of cH2(I) suggest an important,
cardiac-specific regulatory role for this region of troponin I. However,
whether the cardiac-specific structure of cH2(I) imparts unique, cardiac-
specific function to cardiac myofilaments is not currently known. To better
understand the functional significance of the structure of cH2(I), we studied
the effects of replacing native troponin in detergent-skinned rat cardiac mus-
cle fiber bundles with complexes containing chimeric cTnI in which cH2(I)
was replaced with the corresponding helix from rat slow skeletal (ssH2(I))
or fast skeletal (fsH2(I)) troponin I. Ca2þ- and length-mediated myofilament
force, ATPase activity, and length-dependent contractile dynamics were esti-
mated at different levels of activation in muscle fibers reconstituted with wild-
type or chimeric cTnI. Our preliminary work demonstrates that fiber bundles
containing chimeric cTnI produced the same maximal force and ATPase ac-
tivity, but exhibited significant differences in myofilament responsiveness to
Ca2þ and changes in muscle length, when compared to bundles reconstituted
with wild-type cTnI. Fiber bundles containing chimeric cTnI exhibited altered
cooperativity and sensitivity of force production to Ca2þ. For example, myo-
filament cooperativity was lower and the sarcomere length-dependent change
in myofilament Ca2þ sensitivity was less pronounced in fiber bundles recon-
stituted with ssH2(I) chimeric cTnI. Furthermore, length-dependent recruit-
ment dynamics and the nonlinear effect by which crossbridge distortion
influences crossbridge recruitment were both blunted in fiber bundles contain-
ing chimeric cTnI. These results indicate that replacing cH2(I) with either
ssH2(I) or fsH2(I) results in aberrant cardiac contractile function, and suggest
that the structure of cH2(I) is important to impart unique, cardiac-specific
function in cardiac myofilaments.
3171-Pos Board B276
Deletions in the N-Terminus of Troponin T Reveal a Region Important for
Ca2D- and Length-Dependent Cardiac Myofilament Activation
Ranganath Mamidi, Steven J. Ford, Murali Chandra.
Interactions between the N-terminus of cardiac troponin T (cT1), a region
rich in negatively charged amino acids, and the head-to-tail overlapping re-
gion of tropomyosin are responsible for localizing the troponin complex on
the thin filament. Thus, cT1 is uniquely positioned on the thin filament to
modulate cardiac contractile activity. Previous studies have demonstrated
that truncations of cT1 result in severe inhibition of Ca2þ-activated force de-
velopment and ATPase activity of cardiac myofilaments, indicating that cT1
is essential for cardiac myofilament activation. However, the specific region
of cT1 that plays an important role in cardiac contractile activation remains
unknown. To determine the specific region of cT1 that plays an important
role in cardiac contractile activation, we progressively deleted cT1 in rat
cardiac troponin T (RcTnT) to generate four deletion mutants, RcTnT
1-29 deletion, 1-43 deletion, 30-43 deletion, and 44-73 deletion. Cardiac
contractile activity and crossbridge recruitment dynamics were studied in
detergent-skinned rat cardiac papillary bundles reconstituted with either
wild-type (control) or the deletion proteins. Our preliminary studies show
that the Ca2þ-dependent force development, ATPase activity, myofilament
Ca2þ sensitivity, and rate of crossbridge recruitment were significantly de-
pressed in reconstituted fibers containing RcTnT 1-43 deletion. Fiber bun-
dles reconstituted with RcTnT 44-73 deletion exhibited an increase in
myofilament Ca2þ sensitivity. Another significant finding is that both RcTnT
1-43 and RcTnT 1-29 deletions resulted in an ablation of length-dependent
increase in myofilament Ca2þ sensitivity, an important component of the
Frank-Starling mechanism of healthy heart function. Thus, our data indicates
that the region of cT1 comprising 1-43 amino acids plays an important role
in Ca2þ- and length-dependent cardiac myofilament activation. Furthermore,
our findings suggest that other regions of cT1 have specific roles in mediat-
ing cardiac myofilament activation.
3172-Pos Board B277
Flexibility Change in Human Cardiac a-Tropomyosin E180G Mutant:
Possible Link to Cardiac Hypertrophy
Campion Loong, Huan-Xiang Zhou, P. Bryant Chase.
a-Tropomyosin (aTm) is the predominant tropomyosin isoform in adult human
heart and constitutes a major component in Ca2þ-regulated systolic contraction
of cardiac muscle. The familial hypertrophic cardiomyopathy (FHC)-relatedaTm E180G mutant is associated with decreased thermal stability and en-
hanced Ca2þ-sensitivity in functional assays. A mechanistic relationship be-
tween the E180G missense mutation and functional changes has not been
established. We present here the first direct probe images of WT human car-
diac and E180G mutant aTm by atomic force microscopy, and demonstrate
that the mutant is more flexible than WT. Single molecules of bacterially-
expressed human cardiac aTm were imaged on poly-lysine coated mica and
their contours were analyzed. Analysis of tangent correlation along molecular
contours yielded values of persistence length (Lp), which showed 27% increase
in flexibility of the E180G mutant. Increased flexibility of the mutant was con-
firmed by shorter mean end-to-end length and fitting end-to-end length distri-
butions to the worm-like chain model. Corresponding to increased flexibility, it
is expected that less mechanical moment, and hence a lesser extent of
Ca2þ-induced conformational change of troponin, are required to perturb
aTm to initiate thin filament activation during systole, thus explaining en-
hanced Ca2þ-sensitivity of function. Hypersensitivity to Ca2þ could overwork
cardiac muscle resulting in hypertrophy in FHC. Support: NIH and American
Heart Association.
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Atomic Model of F-Actin-Tropomyosin
Xiaochuan Edward Li, Larry S. Tobacman, Ji Young Mun, Roger Craig,
Stefan Fischer, William Lehman.
The presence of tropomyosin on the surface of actin filaments governs the ac-
cess and hence the interactions and activity of numerous actin-binding pro-
teins in muscle and non-muscle thin filaments. Electron microscopy and
fiber diffraction studies of native and reconstituted F-actin-tropomyosin fila-
ments reveal the azimuthal position of end-to-end linked tropomyosin mole-
cules on the surface of actin. However, the longitudinal z-position and
pseudo-rotation of tropomyosin along F-actin is still uncertain. Without this
information, atomic models of F-actin-tropomyosin, unconstrained by tropo-
nin in striated muscle or other actin-binding proteins in smooth muscle or so-
matic cells, cannot be formulated, and thus the optimal interfacial contacts
between actin and tropomyosin remain unknown. We have carried out a com-
putational search assessing electrostatic interactions for multiple azimuthal
locations, z-positions and pseudo-rotations of aa-tropomyosin on F-actin.
The information gleaned was used to localize tropomyosin on F-actin, yield-
ing an atomic model characterized by protein-protein contacts that primarily
involve clusters of basic amino acids on actin subdomains 1 and 3 juxtaposed
against acidic amino acids on successive quasi-repeating units of tropomyo-
sin. A virtually identical model generated by docking F-actin and tropomyo-
sin atomic structures into EM reconstructions of F-actin-tropomyosin
validated the above solution. Here, the z-position of tropomyosin alongside
F-actin was defined by matching the ‘‘broad’’ and ‘‘narrow’’ faces typifying
tropomyosin’s twisting superhelical coiled-coil to the twisting contours of the
tropomyosin densities seen in F-actin-tropomyosin reconstructions. Our com-
putational search indicates that, in the absence of troponin or other actin-
binding proteins, tropomyosin occupies an optimal z-position and rotation
in the surrounds of the closed C-state location on actin. However, no specific
electrostatic minima were noted when tropomyosin was shifted computation-
ally toward the open or blocked states on the troponin/myosin-free structure.
The functional implications of the F-actin-tropomyosin model that has been
determined will be discussed.
3174-Pos Board B279
Structural Simulations of Troponin-Regulated TropomyosinMovement on
F-Actin
Marek Orzechowski, Stefan Fischer, William Lehman.
Contraction of striated and cardiac muscles is regulated by a mechanism in-
volving two major components: tropomyosin and troponin. Tropomyosin
strands that run along the actin filaments block the myosin-binding sites in rest-
ing muscle. However, when concentration of Ca2þ ions is increased, the posi-
tion of tropomyosin on actin is shifted and the myosin-binding sites are
unblocked. This leads to myosin-crossbridge cycling on actin and, as a result,
muscle contraction. The unblocking of myosin-binding sites is triggered by tro-
ponin. Troponin itself is a complex of three proteins: Ca2þ-binding troponin-C,
inhibitory troponin-I and troponin-T, which links the complex to tropomyosin
on the actin filament. To investigate the thin filament regulatory process, we are
applying the Conjugate Peak Refinement (CPR) technique to determine ener-
getics of the transition of tropomyosin on actin from the closed to the open
state. CPR should also help to refine the precise position of tropomyosin in
the open state. Results from the CPR calculations are verified by comparison
with observations from EM experiments. In addition, corresponding structural
transitions associated with troponin are being addressed. In particular,
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ing examined. One of the objectives is to determine the location and orientation
of the troponin complex on F-actin both at low and high concentration of Ca2þ
ions, which are still uncertain. Additionally, Sykes and colleagues have pro-
posed in a recent ‘‘fly-casting’’ model that the latter part of TnI competes
with tropomyosin for access to a binding site on F-actin. Molecular Dynamics
simulation of TnI, tropomyosin and actin performed at atomic resolution is be-
ing used to define relationships among the proteins involved in this regulatory
process.
3175-Pos Board B280
Molecular Dynamics of Tropomyosin Bound to F-Actin
Xiaochuan Edward Li, Stefan Fischer, William Lehman.
Wehave previously studied the structuralmechanics of isolated tropomyosinmol-
ecules by electronmicroscopy andMolecular Dynamics protocols. We found that
single tropomyosin molecules bend anisotropically without showing any signs of
kinks or joints. We observed that, even in the absence of actin, tropomyosin, on
average, has a shape matching the helical curvature of F-actin filaments. More-
over, isolated tropomyosin is semi-rigid with an apparent persistence length (an
estimate of curvature) of 104 nm and dynamic persistence length (a measure of
flexibility) of 423 nm (Li et al., 2010). In order to determine the likely position
of tropomyosin on F-actin, we docked theMD structure of tropomyosin into EM
reconstructions of F-actin-tropomyosin. The location found is the same as that
computed for tropomyosinonF-actin following a search tooptimize their intermo-
lecular electrostatic contacts. We have initiated NAMD MD simulations of this
structure of F-actin-tropomyosin at 300K in explicit water including 150mM
NaCl. Here tropomyosin fluctuates locally around the closed C-state position on
F-actin, maintaining its initial electrostatic contacts as well as hydrophobic inter-
actionswith actin residuePro333.Over the current 25nsMDrun, the apparent and
dynamic persistence lengths of the tropomyosin on F-actin are 113 nm and 3318
nm, demonstrating that tropomyosin maintains a comparable degree of curvature
either when bound to F-actin or when unbound, but that its flexibility is restricted
by the presence of F-actin. Any azimuthal movement of tropomyosin on F-actin
that is induced by troponin and/or myosin may require perturbation of the weak
stabilizing interactions noted between tropomyosin and F-actin. We are continu-
ing the current MD run and are also planning to run simulations at higher temper-
atures in attempting to detect transitions of tropomyosin to the open and blocked
M- and B-states of the thin filament.
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Thin Filament Length in Mouse Skeletal Muscle and its Relationship to
Differential Splicing of Nebulin
Danielle Buck, Paola Tonino, Adam Hoying, Henk Granzier.
Nebulin is a large actin binding protein (600-800 kDa) which undergoes differ-
ential splicing to yield proteins of various sizes in different skeletal muscles. This
giant protein has been proposed to function as a molecular ruler to determine the
length of the thin filament in skeletal muscle. Using electron microscopy, we
measured the length of the thin filament in mouse skeletal muscle. It was found
that the length of the thin filament was greatest in the soleus (1.25 5 0.004,
N=136), shortest in the psoas major muscle (1.205 0.011, N=102), and interme-
diate in the tibialis cranialis muscle (1.225 0.005, N=161). Next, we estimated
the molecular weight of nebulin in these tissues to assess if nebulin size correlates
with thin filament length. In mice, nebulin size was found to vary between
700kDa in the psoas major, extensor digitus longdum and gastrocnemius to
750kDa in the soleus and diaphragm muscle while intermediate lengths were
found in quadriceps and tibialis cranialis muscle. Since there was a positive cor-
relation between thin filament length and nebulin size, we next sought to deter-
mine if the differences in nebulin size could be explained by differential splicing
of nebulin between mouse skeletal muscles. Using a home-made nebulin exon
microarray, we compared the exon composition between these muscles and
found that the soleus muscle nebulin isoforms contains M-repeats in the Z-
disk (exons 153-155) while nebulin isoforms in other muscle types do not contain
these repeats. This data has been confirmed by qPCR. In conclusion, the changes
in nebulin size between mouse skeletal muscles can partially be explained by dif-
ferential splicing of the nebulin gene, and further studies are needed to ascertain
in the mouse the correlation between nebulin size and thin filament length.
3177-Pos Board B282
The Function of Obscurin in Regulating Assembly and Symmetry of the
Sarcomere in Drosophila Flight Muscle
Anja R. Katzemich, Kevin R. Leonard, John C. Sparrow, Belinda Bullard.
Obscurin is a 400 kDa protein in the M-line of insect flight muscle (IFM). The
protein has 21 Ig domains, two Fn3 domains and two kinase domains near the
C-terminus. The effect of reducing the expression of obscurin on the structure
of the sarcomere was investigated.A P-element inserted into the first intron of the gene resulted in reduced protein
expression and homozygotes were unable to fly. Sarcomere length was normal,
but the M-line was missing and the H-zone shifted from the middle of the sar-
comere. Obscurin RNAi mutants had a similar but more extreme phenotype.
Electron micrographs of mutant sarcomeres showed that thin filament length
and the polarity of crossbridges was dependent on the position of bare zones
in adjacent thick filaments: shifted bare zones resulted in abnormally short or
long thin filaments. Isolated thick filaments were asymmetrical with displaced
bare zones and in RNAi mutants, some thick filaments were up to three times
the normal length. The kinase domains of obscurin are predicted to be inactive.
Ligands binding to the two domains have been identified. Kinase 1 binds ball,
itself a kinase, and kinase 2 binds MASK, which contains ankyrin repeats.
MASK is present in both Z- and M-lines. RNAi mutants of ball and MASK
had IFM with abnormal sarcomere structure: H-zones were shifted, thick fila-
ments asymmetrical, and Z-discs irregular. Surprisingly, expression of obscurin
was normal in RNAi mutants of both ligands, and MASK was present in ob-
scurin RNAi mutants. Therefore, correct assembly of the sarcomere needs ob-
scurin, ball and MASK. Obscurin is likely to form a scaffold binding ball and
MASK. The two ligands are genetically linked to the same signalling pathway
in the development of muscles in Drosophila.
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Effect of Confinement on Titin Conformation and Elasticity
Tannie B. Liverpool, Larissa Tskhovrebova, John A. Trinick.
Elasticity in muscle sarcomeres results largely from the mechanical properties
of the giant protein titin. The I-band parts of titin molecules form filamentous
connections between thick filaments and the Z-line, and behave as semi-flexible
polymers, passively coiling and uncoiling during changes in sarcomere length.
Important questions about titin mechanics in vivo concern effects of confine-
ment, due to the surrounding actin filament lattice and to the high local concen-
tration of titin. The actin lattice changes across the I-band, from hexagonal near
the A-band to tetragonal towards the Z-line. At resting sarcomere length, a sin-
gle hexagonal unit cell has radius ~27 nm (Millman, 1998) and contains the six
titin molecules that emerge from each thick filament, with a space of radius
R ~11 nm available to each molecule. The tetragonal lattice has average side
length ~24 nm and contains three titin molecules, with radius ~7.8 nm for
each molecule. Taking into account the condition for transition from weak to
strong confinement 2R < RF (De Gennes, 1979), or 2R ~ Lp (Cifra, 2009),
and the average persistence length of titin (Lp, 9-19 nm), it can be concluded
thatI-band titin is confined towards the Z-line. We analysed the effect of cylin-
drical confinement on the force-extension relationship of a polymer chain and
showed it to lead to stiffening of the chain. This result, together with the above
estimates, indicates that values of titin stiffness in situ derived from the inter-
polation formula for an unconfined worm-like chain (Marko & Siggia, 1995)
are likely to be underestimates, even if titin molecules cross the I-band
independently.
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Free Fall Force Spectroscopy of Nebulin Suggests Improved Folding after
Repeated Stretching
James W. Dunn, Jeffrey G. Forbes, Kuan Wang, Douglas D. Root.
The gravitational force spectrometer (GFS) is capable of applying physiolog-
ical forces from femtonewtons to the nanonewtons that single molecules
might experience in their native environments. While macromolecules are un-
der such loads, the instrument is also capable of measuring the absolute mol-
ecule length with a resolution of 5 5 nm. In order to measure a range of
forces on the same single molecule, the GFS was attached to a spring system
and dropped at up to free fall conditions which varied the force stretching the
molecule from zero to greater than the weight of the attached glass micro-
sphere. To apply this method to full length nebulin, the nebulin molecules
were attached between two microspheres coated with antibodies to the N-ter-
minus of nebulin on one microsphere and to the C-terminus on the other mi-
crosphere. Nebulin’s structure is far less ordered than the coiled coil motif of
the myosin rod, however, its properties are believed to include a function as
an actin ruler in the sarcomere. By extending from the Z line to the end of the
thin filament, it would measure approximately a micron, and it is thought to
act as a compression spring to keep the actin under load. The force spectra of
nebulin molecules acquired by this instrumentation indicated that upon re-
peated stretching, the nebulin displayed greater range of extension and less
hysteresis in its force distance curve, and this change was maintained for at
least one hour after the initial stretching. This result is consistent with the re-
cent stretch-to-match ruler hypothesis (Langmuir 25:7496), and it also dem-
onstrates that nebulin could be extended to near full length (800 nm) by forces
of only 80 pN when the force is applied repeatedly to the same single
molecule.
